Rhodamine-6G is a fluorescent dye binding to mitochondria, thus reducing the intact mitochondria number and inhibiting mitochondrial metabolic activity. Resultantly, the respiratory chain functioning becomes blocked, the cell "suffocated" and eventually destroyed. Unlike normal cells, malignant cells demonstrate a priori reduced mitochondrial numbers and aberrant metabolism. Therefore, a turning point might exist, when Rhodamine-induced loss of active mitochondria would selectively destroy malignant, but spare normal cells. Various malignant vs. non-malignant cell lines were cultured with Rhodamine-6G at different concentrations. In addition, C57Bl mice were implanted with B16-F10 melanoma and treated with Rhodamine-6G at different dosage/time regimens. Viability and proliferation of cultured tumor cells were time and dose-dependently inhibited, up to 90%, by Rhodamine-6G, with profound histological signs of cell death. By contrast, inhibition of normal control cell proliferation hardly exceeded 15-17%. Melanoma-transplanted mice receiving Rhodamine-6G demonstrated prolonged survival, improved clinical parameters, inhibited tumor growth and metastases count, compared to their untreated counterparts. Twice-a-week 10 -6 M Rhodamine-6G regimen yielded the most prominent results. We conclude that malignant, but not normal, cells are selectively destroyed by low doses of Rhodamine-6G. In vivo, such treatment selectively suppresses tumor progression and dissemination, thus improving prognosis. We suggest that selective anti-tumor properties of Rhodamine-6G are based on unique physiologic differences in energy metabolism between malignant and normal cells. If found clinically relevant, low concentrations of Rhodamine-6G might be useful for replacing, or backing up, more aggressive nonselective chemotherapeutic compounds.
Cancer cells are unique in their energy turnover. Unlike normal tissues that derive most of their energy by metabolizing the consumed sugar to carbon dioxide and water (the process taking place within mitochondria), tumors obtain as much as half of their ATP by metabolizing glucose directly to lactic acid. Normal tissues use the process of oxidative phosphorylation within mitochondria for 90% of ATP production, and only 10% is produced by glucose consumption. By contrast, in tumor cells this ratio is 50%:50% [1] [2] [3] . This unique pattern of tumor metabolism has been described in early thirties of the past century and has been recognized since then as Warburg effect [1] [2] [3] . Recent studies employing molecular biology and proteomic imaging technologies, explained the basics of Warburg effect [4, 5] .
Rhodamine-6G is a fluorescent dye capable of penetrating a living cell [6] . Upon entering the cell, Rhodamine-6G binds to the inner membranes of mitochondria. Based on these observations, it has been proposed that Rhodamine dyes may be used for producing fluorescent images of mitochondria with low background noise and high resolution [7, 8] . However, it became clear soon enough that such application is useful for in situ imaging, although is inacceptable for in vivo studies. In vivo, binding of Rhodamine dyes to the membranes of mitochondria decreases mitochondrial enzymatic activity, thus inhibiting the process of mitochondrial oxidative phosphorylation [6] and reducing the number of intact, metabolically active mitochondria within the cell [9] . As a result, normal functioning of the respiratory chain is dramatically prohibited, and the cell may eventually become "suffocated" and destroyed. When applied at relatively high concentrations, Rhodamine-6G affects this way a variety of cell cultures, malignant or normal [9] [10] [11] .
We therefore conducted a series of preliminary in vitro experiments with different concentrations of Rhodamine-6G, applying the latter to various cultured malignant vs. normal cell populations. Surprisingly, at very low concentrations Rhodamine-6G was found to damage tumor cells only, whereas much higher concentrations were needed to exert any impact on non-malignant cells. In other words, extremely low concentrations of Rhodamine-6G appeared to selectively destroy malignant cells in culture, sparing the normal cell populations.
The present study was aimed at investigating the assumption that Rhodamine-6G may not only selectively destroy tumor cells in culture but also inhibit tumor progression when administered to tumor-transplanted animals. TM ) were purchased in ATCC (American Type Culture Collection, USA) and subcultured as recommended by the ATCC technical services. In addition, primary cultures of murine tumor cells were obtained from subcutaneous tumors of mice transplanted with B16-F10 melanoma for studies unrelated to the present investigation. Five randomly chosen non-malignant cell cultures, namely human peripheral blood mononuclear cells (PBMC), human umbilical cord endothelial cells (HUVEC), rat renal epithelial cell (EC) line, murine renal mesangial cells (MC) and renal embryonic cells (REC) isolated from metanephric mesenchymal tissues, served as normal controls. All cells were sub-cultured and maintained using their specific selective media [12, 13] . After 3 to 5 passages, each cell population was seeded into the wells of 6 well-tissue culture plates, 2x10 6 cells per well, using their specific culture media supplemented with fetal calf serum (FCS). The cells were maintained in an incubator at standard conditions (37ºC, 95% humidity, laminar flow of air supplied with 5%CO 2 ).
Materials and methods

Cell
Experimental protocols. Following 24h of culture, the cells were separately exposed, in duplicates, to different concentrations of Rhodamine-6G (10 -12 M through 10 -2 M) and pulsed with 25µCi/ml of 3 H-Thymidine. For each cell population, cells pulsed with 3 H-Thymidine without being exposed to Rhodamine-6G served as normal controls. Following 48h, the cells were repeatedly washed with phosphate buffered saline (PBS, pH=7.4), to wash out the excessive radioactive material. The cell samples were then separately transferred into polystyrene vials containing 4 ml scintillation liquid. Radioactive counts were performed in a ß-counter (LKB, USA), and the results subsequently calculated as mean CPM (radioactive counts per minute). The concentration of 10 -6 M Rhodamine-6G was then chosen as optimal, to be used in further experimentations.
Malignant cells and normal control cultures were seeded in equal (protein adjusted) cell amounts into 6-well tissue culture plates. The cells were pulsed with 25µCi/ml of 3 H-Thymidine and immediately treated with Rhodamine-6G at the fixed concentration of 10 -6 M for 24h, 48h, 72h or 5 days (120h). Following 24h, 48h, 72h or 5 days, the excessive radioactive material was washed out with PBS. The cell samples were transferred into polystyrene vials containing 4 ml scintillation liquid, and their radioactivity counted in a ß-counter. Total cell protein was assessed by Bradford's assay. The results were subsequently presented graphically as CPM per mg cell sample protein.
Animals. C56Bl male mice were purchased at Harlan Laboratories (Ness-Ziona, Israel) and maintained at standard conditions at Assaf Harofeh Medical Center animal facilities, to be used in the present experiment at age of 3 months ± 1 week and weight 25 ± 5 g. The study received approval of the local Ethics Committee on Animal Experimentations and was conducted according to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. The investigation has been sponsored by Anisopharm Investment Company, LTD (Israel).
Tumor implantation. B16-F10 cells destined for tumor implantations were collected, repeatedly washed in PBS (pH=7.4) and counted. Cell viability was assessed by 0.1% eosin exclusion. Only cultures with viability more than 95% were used in this study. The animals were injected subcutaneously with the B16-F10 melanoma cell aliquots, each prepared in a 0.2 ml bolus containing 1.5x10 6 cells. Cell suspensions for injections were prepared in PBS. Control mice were injected subcutaneously with 0.2 ml of PBS containing no malignant cells.
The majority of tumor-implanted animals developed tumors within 7 ± 2 days after injection. Six animals that failed to develop tumors on time were excluded from the study. At day 8 after tumor implantation, the animals were randomly divided into groups as designated in the Experimental design.
Experimental design. The study comprised 21 groups of C53Bl mice, n=12 in each.
Control animal groups Group1 (positive controls): Healthy animals not implanted with tumor cells, receiving injections of PBS solution in a 0.3 ml bolus, either once or twice a week.
Group 2 (negative controls): Tumor implanted animals not receiving the Rhodamine-6G treatment but, instead of the Rhodamine-6G, injected with PBS solution in a 0.3 ml bolus, either once or twice a week.
Establishing the optimal Rhodamine-6G dose for a single injection : Tumor-implanted mice, receiving subcutaneous injections of Rhodamine-6G close to the site of the tumor, in a 0.3 ml bolus once-a-week, at concentrations of 10 Establishing the optimal frequency of Rhodamine-6G treatments Groups 12-14: Tumor-transplanted mice receiving subcutaneous injections of Rhodamine-6G in a 0.3 ml bolus, at a concentration of 10 -6 M, 10 -7 M or 10 -8 M Rhodamine-6G, once-a-week.
Groups 15-17: Tumor-transplanted mice receiving Rhodamine-6G at a concentration of 10 -6 M, 10 -7 M or 10 -8 M Rhodamine-6G, twice-a-week.
The death of the last animal from group 2 (negative controls) served the end point for this part of experiment. Based on the obtained results, twice-a-week injections of 10 -6 M Rhodamine-6G were used in the next set of experiments.
Establishing the optimal time regimen for Rhodamine-6G injections
This part of the study was aimed to test the possible advantages of preventive therapy with Rhodamine-6G.
Group 18: Tumor-transplanted mice, regularly injected with 10 Each animal was weighted prior to starting the study (the baseline) and once-a-week thereafter.
Tumor volume gain was assessed twice-a-week. The shape of subcutaneous tumors is assumed to be a three-dimensional hemi-ellipsoid [14, 15] . Hence, in our study we calculated the tumor volumes by a typical three-dimensional formula for ellipsoid-like tumor volume evaluation: V = π : 6 x L x W x H. The results were confirmed by applying the two-dimensional formula for evaluation of the same tumor volumes, recently proposed by Feldman et al [16] : V = π : 6 x ƒ(L x W) 3/2 . In both equations, the abbreviations are as follows: L -tumor length (cm), W -tumor width (cm), H -tumor height (cm), V -tumor volume (cm 3 ). Comparison of tumor volume estimation by two different formulae demonstrated no significant differences between the two different methods of calculation.
The deaths of the animals within each experimental group were registered every other day. The death of the last animal within the negative control group served the end point of each part of the experiment. The rates of survival were calculated as percentages of total amount of the animals starting the experiment. The last remaining alive animal from each relevant group was sacrificed. The abdomens were opened, in order to count the visible metastatic tumors on the vital organs.
Statistical analysis. Statistical analysis was performed using SPSS-version 13 software. Statistical differences between the groups were evaluated by one way-ANOVA. Bonferroni test was applied for post-hoc analysis. Differences yielding p<0.05 were considered statistically significant.
Results
In vitro experiments. Serially taken microphotographs (Fig. 1A through 1H) , the results of time-dependent ( Fig.  2A ) and dose-dependent (Fig. 2B) decrease of 3 H-Thymidine incorporation, as well as percentages of malignant vs. non-malignant cell survival at fixed optimal time and dosage regimen of Rhodamine-6G treatment (Fig.3) , collectively demonstrated significant inhibition of proliferation and degeneration of cell monolayer confluence in all tumor cell cultures following exposure to Rhodamine-6G.
Compared to the confluent, undamaged monolayers of untreated tumor cell cultures (Fig. 1A-D) , microscopic examination of the same malignant cells following treatment with Rhodamine-6G revealed massive cell disruption and absence of monolayer confluence, significantly decreased cell count and visible necrotic, autophagic and/or apoptotic appearance of the remaining cells (Fig. 1E-H) .
The rate of destruction of malignant cells by Rhodamine-6G significantly depended on the time of exposure to the latter ( Fig. 2A) . At the first 24h of culture it also appeared to be concentration-dependent, since at this time point inhibition of cell proliferation was found maximal at 10 M concentration as the optimal for our further experiments. However, following 5 days of treatment even the cultures exposed to the lowest concentrations of Rhodamine-6G were found completely destroyed, proving that in the long run the effect of Rhodamine-6G depends only on the time elapsing ( Fig. 2A) .
At the fixed time point and concentration, Rhodamine-6G successfully prevented decreased the rate of survival of all tested human and rodent tumor cell cultures. Percent of surviving malignant cells varied from 15% to 17% for different tumors (Fig. 3) . The most prominent results of inhibition of malignant cell survival were obtained with B16-F10 murine melanoma, be the latter originating from tumors of C57Bl mice or from commercial cell line.
When applied to normal control cultures, be they human or rodent, 10 -6 M concentration of Rhodamine-6G resulted in a negligible inhibition of their survival rates: 90%-95% of these cell cultures were not affected by Rhodamine-6G (Fig.3) .
In vivo experiment: Evaluation of tumor development, metastatic dissemination, clinical status and weight loss.
The majority of tumor-transplanted mice demonstrated palpable subcutaneous tumor outgrowths within a week after the injection of B16-F10 melanoma cells. Negative controls (tumor-implanted animals not treated with Rhodamine-6G) developed tumors reaching 320 ± 10 mm 3 volume within 22 ± 2 days after transplantation (Fig.4) , whereas mice treated with Rhodamine-6G demonstrated dose-dependent delay of tumor volume gain. At the end of this part of the experiment, i.e. death of the last animal from the untreated negative control group, tumor volumes of animals receiving 10 -6 M or 10 -7 M Rhodamine-6G were around 200 ± 8 mm 3 (Fig. 4,  p<0 .001 compared to the untreated malignant controls).
The main results of animal clinical evaluation at the last week of the experiment are summarized in Table 1 . As can be seen, negative controls (tumor-implanted mice untreated with Rhodamine-6G) acquired "unkempt" fur, loss of appetite accompanied by increased water consumption and either aggressive or depressed behavior. They experienced loss of mobility, their movements became uneven and eyes were closed most of the time, collectively indicating the presence of neurologic disturbances.
By contrast to negative controls, experimental groups of tumor-implanted mice treated with Rhodamine-6G were found in a better clinical condition. More so, animals receiving two weekly doses of Rhodamine-6G, exhibited significantly improved clinical parameters compared to their respective counterparts receiving only one weekly dose. The difference was specifically demonstrable during the last week of the study (Table 1) .
Tumor-transplanted mice receiving injections of 10 M Rhodamine-6G twice-a-week had better exterior appearance compared not only to the negative controls but also to the experimental groups under other treatment regimens. Animals receiving 10 -6 M Rhodamine-6G twice-a-week demonstrated appearance, behavior and clinical condition closely resembling positive controls (Table 1 ). of tumor appearance demonstrable by these photographs was, as already stated (Fig. 4) , confirmed by the results of the tumor volume gain measurements.
Tumor-implanted mice, receiving injections of Rhodamine-6G at concentrations 10 (Fig. 4) . Furthermore, all these groups showed statistically significant prolongation of survival.
Percent of surviving animals is presented in Fig. 6 . As can be seen, during the experiment no deaths occurred in healthy controls (group A), whereas all the untreated controls (group B) were dead within 3 weeks following tumor implantation. In groups C, D and E, receiving Rhodamine-6G at concentrations10 -6 M through 10 -8 M twice-a-week, part of the animals were yet alive at day 31 following tumor implantation. The best results were demonstrable in group C (10 -6 M Rhodamine-6G twice-a-week): 40% of the animals were alive at day 31 following tumor implantation.
When the last remaining animal from each relevant group was sacrificed, the abdomens opened for visualization of abdominal metastases and the subcutaneous tumors The results of total mean weight change within each group during the experiment are presented in Table 2 . During the entire experimental period, healthy animals from our positive control group demonstrated no significant weight fluctuations, with the exception of their natural, age-related, weight gain. All tumor-implanted mice demonstrated significantly decreased weight gain compared to their healthy counterparts, despite the fact that their weight loss was in part masked by the weight/volume gain of their growing tumors. At the end of the experiment, no statistically significant differences in total weight were observed either among the various experimental groups or between any experimental group and the negative control group. Most probably, this was due to the great individual variability in the appetite loss and decreased food consumption on the one side and the augmented thirst and increased water retention on the other side. Fig. 5 shows the photographs of two randomly chosen animals, one from the negative control group (Fig. 5A ) and the other from the tumor-implanted group treated with 10 -6 M Rhodamine-6G twice-a-week (Fig. 5B) . The striking reduction excised, extensive diffused necrotizing areas became evident within the excised tumor tissues of Rhodamine-6G treated animals. No such areas were observable in mice not receiving Rhodamine-6G. Solid capsules embodying the tumors of Rhodamine-6G untreated mice were found damaged or completely destroyed in mice subjected to Rhodamine-6G injections. Upon opening the abdomens, metastatic growths were observed mainly on lungs, livers, kidneys and duodenum of tumor-transplanted animals not receiving Rhodamine-6G. By contrast, the score of metastases in Rhodamine-6G treated animals was negligible. No metastases were observed in animals treated with 10 -6 M Rhodamine-6G twice-a-week, collectively indicating the significant anti-metastatic properties of Rhodamine-6G treatment (Table 3) M Rhodamine-6G twice-a-week (Fig. 5B ).
development were significantly improved in animals receiving two weekly injections of Rhodamine-6G compared to those receiving one weekly treatment. The most promising results were achieved with 10 -6 M Rhodamine-6G when, in addition to doubling the number of weekly injections, the preventive treatment was applied, i.e. when administration of two weekly injections started 7 days prior to the tumor transplantation procedure (Fig. 7) . Summarizing all the above, 10 -6 M (1.1 µg/kg body weight) dosage of Rhodamine-6G appeared to provide the optimal effect. Firstly, it yielded significant positive impact on survival, clinical status and inhibition of tumor development, including metastases dissemination. Secondly, the dosage was significantly lower than concentrations exerting toxic effects on healthy, nonmalignant animals.
Discussion
The results of the present investigation demonstrated that extremely low concentrations of Rhodamine-6G profoundly decreased survival and significantly suppressed proliferation of a variety of cultured human and rodent malignant cells. The same concentrations of Rhodamine-6G were far less potent in affecting viability and proliferation of various normal cell cultures. Furthermore, when low concentrations of Rhodamine-6G were injected to murine melanoma-transplanted C57Bl mice, they suppressed tumor growth and development, significantly prolonged survival, decreased spreading of metastases and improved vital clinical parameters.
Rhodamine-6G is a fluorescent organic dye well known for its antioxidant properties. Due to the relatively low molecular weight, Rhodamine-6G molecule is capable of penetrating the membrane of a living cell and binding to the inner membranes of mitochondria [9] . Hence, Rhodamine-6G has been used for diagnosing genetically inherited mitochondrial disorders [9] , monitoring mitochondrial changes associated with malignant cell transformation [17] or, in vitro, in fluorescent staining for visualization of cultured normal or malignant cell lines [18] [19] [20] . Thus far, the members of Rhodamine family, including Rhodamine-6G, have been demonstrated to destroy various cell cultures when applied to the latter in high concentrations [9] [10] [11] . In a number of studies which happened to use lower concentrations of Rhodamine the latter was shown to selectively affect tumor cells by destruction of mitochondria via binding to their membranes [19] [20] [21] [22] [23] [24] . It has been then suggested that Rhodamine might be selectively toxic towards at least some malignant cells in vitro [21] [22] [23] [24] . Among various explanations, it has been proposed that the mechanisms accounting for such selectivity might be the differences in the plasma membrane potential between normal and carcinoma cells [21] .
Rhodamine concentrations used in the above mentioned studies were relatively high (about 0.8-1.0 mg/ml), and in vitro were found deleterious not only to malignant cells, but also to normal cell cultures. Hence, not surprisingly, treatment of tumor-transplanted rodents with similar Rhodamine doses was associated with increasing host weight loss and mortality [11] . Taken collectively, this information, reported more than two decades ago but not explored further, prompted us to suggest that lowering the Rhodamine-6G concentrations might serve the key for their selective, preferential destruction of tumor cells. The results of the present investigation confirmed this suggestion. In a nutshell, we were able to demonstrate that extremely low (10 -6 M) concentrations of Rhodamine-6G profoundly disrupted various tumor cell cultures. Their effect on normal adult cell populations was negligible. Moreover, when Rhodamine-6G was injected to melanoma-transplanted mice, their tumor progression was suppressed, survival and clinical condition improved, and spreading of metastases profoundly decreased. Applied at such low concentrations, Rhodamine-6G demonstrated its anti-cancer properties without exerting undesirable effects on healthy control animals. Much higher concentrations of Rhodamine-6G were needed to exert any adverse effects on healthy controls.
Besides cardinal surgery, the most efficient approach to cancer treatment remains the aggressive arrest of tumor development by means of chemotherapy. Unfortunately, cytotoxic agents routinely used for chemotherapy also non-selectively destroy the rest of the normal proliferating cells. Differential inhibition of tumor growth without damaging healthy tissues and organs of the patient would be the oncologist's "dream come true". However, any search for a selective cancer therapy method has to be based on some principal physiologic differences between malignant and normal cells. We suggest that exploring the unique pattern of energy metabolism in tumor cells may be a good starting point for research in this direction.
As already mentioned, Rhodamine dyes are capable of entering a living cell and attach to cell mitochondria. Malignant cells differ from a majority of normal cells by increased size albeit decreased number of mitochondria per cell and, consequently, by altered patterns of mitochondrial activities [25, 26] . For any cell, malignant or normal, binding of Rhodamine-6G to the inner membrane of a given mitochondria would decrease its enzymatic activity, inhibit ATP generation and thus reduce the total number of intact, metabolically active mitochondria per cell. Since the number of active mitochondria is a priori significantly reduced in a malignant cell, destruction of the same number mitochondria might become detrimental for metabolic activity of a malignant cell but not yet critical for a non-malignant cell. Hence, it seems quite plausible that treatment with low doses of Rhodamine-6G would reduce energy generation in mitochondria-deprived hypoxic tumor cells to a critical level, whereas the same reduction would be less, or not at all, effective in non-malignant cells. The total number of active mitochondria and the magnitude of their energy production would make the difference. In other words, much lower concentrations of Rhodamine-6G are needed to destroy tumor cells rendering the Warburg pattern of metabolism than to exert any appreciable effect on normal cells with normal mitochondrial numbers and normal oxygen turnover.
In summary, Rhodamine-6G has a potential to selectively suppress malignant cell growth in vitro and tumor progression in vivo. Rhodamine-6G treatment significantly prolongs survival of tumor-transplanted mice, improves their vital clinical parameters and substantially decreases dissemination of metastases. The same low concentrations of Rhodamine-6G exert no adverse effects when injected to healthy control animals.
We suggest that low concentrations of Rhodamine-6G effectively destroy hypoxic tumor cells with their already decreased mitochondrial count and activities. However, such low concentrations of Rhodamine-6G are harmless to normal body cells with high mitochondrial count, normal mitochondrial activities and regular oxygen turnover. Selective anti-tumor properties of low concentrations of Rhodamine-6G are based on the unique natural physiologic differences in energy turnover. Such unique pattern of energy metabolism is a common feature for all malignancies. One might suggest that in future studies low concentrations of Rhodamine-6G might be found useful not only in case of melanoma. If clinically relevant, low doses of Rhodamine-6G may have a potential to selectively inhibit tumor growth in cancer patients, limiting or, at least in some cases, avoiding the use of routinely prescribed highly toxic chemotherapeutic agents.
